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Key Features of 5G Mobile Communications 


Data rate, 10+ Gbps (( 17 


User experienced data rate, 0.1~1 Gbps A AS Y 





Latency, millisecond latency j NN 
Green energy, low energy consumption CAN 
Battery life, 10x longer battery life 

Capacity/km2, 1000x capacity or 10+ Tbps/km? 
Connection/km2, 1 million connected devices/km? 
Mobility, 500+ km/h 





MIMO Antennas for Smartphones and Base Stations 


2x2, 4x4, 8x8, 16x16 
8 MIMO antennas at 3.5 GHz, 200-MHz BW, MIMO for smartphones 
1x60 mm2 or 1x35 mm2; 12 MIMO antennas, 


200-MHz BW, 1x65 mm2 













3D Circular BS 


: smartphone 
Ўы гана шаю 
l ‘aay EM | 1 1 
ШШ 11 
ын i i 


man oo ao 
12-port (6 DP array) BSA, | | 8-port (4 DP array) СІ 
3.5 GHz, 200 MHz BW BSA, 3.5 GHz, 200 S ESS———————— = 


MHz BW 128-port BSA | 16 isolated antennas 


for 5G and 2 or 4 LTE 
(Softbank, Japan, 256 (16 x 16) antennas antennas for 46 


for Massive MIMO) Massive MIMO Antenna System 
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MIMO Capacity Calculation and Measurement 






N x M MIMO Capacity Calculation: 


ЖЕТШЕТШ ИА 
Pe — Pcl’ Pe = ECC 


H matrix is determined by assuming 
i.i.d. Rayleigh fading channels (rich 
scattering environment) 


EFF and ECC modify H (channel gain) 
SNR (power Gain) is at Receivers 


Capacity Measurement: 
Rx =H-T +X (channel model) 


H matrix is measured for specific 
MIMO propagation scenario, then 


C = log2 (I + SNR + HH") 


Throughput Measurement: 
T-put = M Streams « Data/stream- log»( QAM) : (1-SER) 





Calculated Channel Capacity (N x M), N 2 M 


SNR = 20 dB 
Antennas Efficiency = 100%, ECC = 0 
50 7 





43.97 


45 - 





When there are 8 receive antennas, 
the capacity is 








9.55 bps/Hz for 1 transmit antenna 
(8 x 1 MIMO), 


16.9 bps/Hz for 2 transmit antennas 
(8 x 2 MIMO), 


28.87 bps/Hz for 4 transmit antennas 
(8 x 4 MIMO), 


43.97 bps/Hz for 8 transmit antennas 
(8 x 8 MIMO). 





Channel Capacity (bps/Hz) 


N=1 N=2 N=4 
Number of Recieve Antennas 





MIMO Capacity Estimation (1) 


= N xM Channel Capacity: C x log; (SNR : HH" : Eff - Ricc) 
Се М :· [log,(SNR) + log,(HH") + log, (Eff) + log, (R---)] 


MIMO capacity can be estimated empirically. 
=» Consider good ECC (< 0.1), Eff = 50%, Rayleigh Fading 


(rich multipath), M Tx antennas, N Rx antennas, 20 dB 
SNR 


Се М :· [log, (SNR) + log, (HH") + log, (Eff)] + Р 


Capacity determined by Power Gain (PG: SNR) and 
Channel Gain (CG: H, Eff, ECC), P is CG correction factor 


Theoretical MIMO Capacity: 20 dB SNR, Eff = 50%, ECC = 0 


1x1 (SISO): 4.95 bps/Hz; 2x2: 9.44 bps/Hz; 4x4: 18.52 bps/Hz; 
8x8: 36.83 bps/Hz; 12x12: 55.19 bps/Hz; 16x16: 73.56 bps/Hz 





MIMO Capacity Estimation (2) 
JE ND D- "(line Eff 





Notes: 
1. 2x 2 MIMO capacity is limited by 2 x log (SNR) = 13.3 bps/Hz. 


2. Rayleigh fading contributes -1.86 bps/Hz to 2 x 2 MIMO capacity. 

3. There are 2 transmitted streams in 2 x 2 MIMO. Rayleigh fading 
contributes -1 bps/Hz to each stream, yet in 2 x 2 MIMO, +0.14 
bps/Hz correction is added [i.e., the expectation of the channel 
gain for one stream is 0.525 (= 2°93); it contributes -0.93 bps/Hz 
to the capacity]. 

4. The efficiency (0.5) contributes -1 bps/Hz to the capacity of each 
stream; two antennas contribute -2 bps/Hz to 2x2 MIMO capacity. 

5. When two antennas are with efficiencies 0.5 (21) and 0.25 (2°), it 
totally contributes -3 bps/Hz to the MIMO capacity. 


MIMO Capacity Estimation (3) 
= 4x4 MIMO: 20dB SNR, Rayleigh fading, Eff=0.5, ECC=0 
Се М :· [log, (SNR) + log, (HH") + log, (Eff)] + Р 
ч 4. од, (100) + 109, (0.5) + 109, (0.5)] + (-0.08) 
ч 4х 6.65 – (4х1) – (4х1) – 0.08 = 18.52 bps/Hz 


Notes: 
1. The 4 x 4 MIMO capacity is limited by 4 x log,(SNR) = 26.6 bps/Hz. 


2. Rayleigh fading contributes -4.08 bps/Hz to 4 x 4 MIMO capacity. 


3. Acorrection of -0.08 bps/Hz is added for 4 x 4 MIMO, indicating that 
the expectation of the channel gain for each stream is 0.493 (- 21-92) 
and it contributes -1.02 bps/Hz to the MIMO capacity. 





» 8x 4 MIMO: 20dB SNR, Rayleigh fading, Eff=0.5, ECC=0 
C # M : [log, (SNR) + log, (HH") + log, (Eff)] + Р 
= 4-log, ((100x8)/4)+4-log, (0.5)+4-log, (0.5)+(-0.08) 


ч 4х 7.65 – (4х1) – (4х1) – 0.08 = 22.52 bps/Hz (24.93 
bps/Hz actual calculation, +2.41 bps/Hz) 


MIMO Capacity Estimation (4) 


» 8x 8 MIMO: 20dB SNR, Rayleigh fading, Eff=0.5, ECC=0 
С5 М: [log,(SNR) + log, (HH") + log, (Eff)] + Р 
ч 8 · 09, (100) + 109, (0.5) + 109, (0.5)] + (-0.37) 
ч 8 х 6.65 — (8 x 1) -— (8 x 1) — 0.37 = 36.83 bps/Hz 


Notes: 
1. The 8 x 8 MIMO capacity is limited by 8 x log,(SNR) = 53.2 bps/Hz. 


2. Rayleigh fading contributes -8.37 bps/Hz to 8 x 8 MIMO capacity. 


3. A correction of -0.37 bps/Hz is added for 8 x 8 MIMO. The expectation 
of the channel gain for each stream is 0.484 (- 21949) and it 
contributes -1.046 bps/Hz to the capacity. 


. 8 antennas with 50% efficiency contribute -8 bps/Hz to the capacity. 


= 12 x 8 MIMO: 20dB SNR, Rayleigh fading, Eff=0.5, ECC=0 
C # M : [log, (SNR) + log, (HH") + log, (Eff)] + Р 
= 8:10g5((100x12)/8)--8:10g, (0.5) -8:10g5 (0.5) - (-0.37) 


8х7.23-(8х1)-(8х1)-- 0.37 - 41.47 bps/Hz (45.09 
bps/Hz actual calculation, +3.62 bps/Hz) 





3.8-Gbps Throughput, 12x8 MIMO, 256 QAM, 100-MHz BW 
f= 3500 MHz (BW = 100 MHz) E ous 
Receive Antennas 
мен | SNR | SNR2 | SNR3 | SNRA | SNR5 | SNR6 


=a 





Channel Capacity 


Calculated 63.80 bps/Hz 
Calculated (ECC = 0) 63.81 bps/Hz 


Throughput = 3897.45 Mbps дел 2 
Un-coded BER = 0.015 Ө | 


SNR: 18.3 ~ 27.3 dB (24.9 dB, average) 
Spectrum Efficiency = 38.9 bps/Hz 


Measured Capacity 59.04 bps/Hz = 92.5% x 
63.80 bps/Hz 
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Hand Effects on 12 x 8 MIMO Capacity/Throughput 


f= 3500 MHz (BW = 100 MHz), Power = 20 dBm, Distance = 2.5 m 





12x8 
MIMO 
Scenarios 


User's hand covers | User's hand covers | User's hand covers 
Free space 4 antennas 8 antennas all 12 antennas 
ГЕЛІ БЕСІССЕН НЫ 
23.0 dB (256-QAM) | 22.3 dB (256-QAM) | 20.55 dB (64-QAM) | 16.93 dB (64- QAM) 
(20.6~ 24.5 dB) (19.8~ 24.3 dB) (15.6~ 24.2 dB) (13.3~19.2 dB) 
Calculated 
Measured 54.40 bps/ Hz 50.87 bps/Hz 45.30 bps/Hz 35.49 bps/Hz 
нэ мэ 896 х 60.67) er 859 x 59.20) мэ 845 х 53.57) кеш 792 х 44.80) 
^^ 002 082 0. ^ 0126/0030 0 0.03 0. |^ 0486/007 0.07 


жаилы жне ана ана 
Spectrum 37.8 bps/Hz 36.3 bps/Hz 28.8 bps/Hz 27.6 bps/Hz 
Efficiency (256-QAM) (256-QAM) (64-QAM) (64-QAM) 


User's hand effects are much smaller for 64-QAM than for 256-QAM 
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Hand Effects on 16 x 8 MIMO Capacity/Throughput 


f= 3500 MHz (BW = 100 MHz), P = 20 dBm, d = 2.5 m 


ee eee ee enm 


16x8 
MIMO 
Scenarios 








User’s hand User's hand 
Free space covers 8 covers covers 
antennas 12 antennas all 16 antennas 
Modulation | эзеелм | 2seQam | 25QAM | 256QAM 0 
23.0 dB 21.8 dB 20.7 dB 18.37 dB 
(21.0~25.3) (18.0~24.3) (16.5~23.5) (13.8~20.8) 





Calculated 
Measured 60.1 bps/Hz 56.1 bps/Hz 53.9 bps/Hz 47.1 bps/Hz 
Capacity (0.91x65.6) (0.91x61.5) (0.90x59.5) (0.88x47.1) 


0.018 0.064 


Throughput | 3903.1 Mbps 3888.1 Mbps 3834.8Mbps 3705.6 Mbps 
Spectral 
39.0 bps/Hz 38.9 bps/Hz 38.3 bps/Hz 37.0 bps/Hz 
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Multi-UE Small-Cell Multi-Gbps MIMO Testbed 


256-QAM ШЕ1 Т-ри 1.9Gps 
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UEs with 4 MIMO antennas (3.4~3.6 GHz) 
BS with 16 MIMO antennas (3.4~3.6 GHz) 


Small-cell throughput 3.9 Gbps for 2 UEs, 
same-time and same freq. spectrum (100 
MHz BW), cell spectrum efficiency 39 
bps/Hz 


Extendable to 24 BS antennas, 4 UEs with 
4 MIMO antennas (total 16 data streams) 


е е Y ү Y Y ү ү f Y ү f e g ш Y 
a Se) К ВШ в See 82 20 23 ву В Ву 83 33 EN 
lame une uno mmm am m Dum Биш йиш бин бин бин Мун пан 
| 


2 UEs, total 8 
data streams 


UEs with 4 
MIMO 
antennas 
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Campus Plan for MIMO Testing 


Central Plaza: 
40 m x 100 m 
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100-MHz BW, 256/64 QAM, 






expecting > 3.0/2.0 Gbps 
for 12-antenna smartphone 
with 12 x 8 MIMO 
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Campus M Testing_12 x 8 MIMO, 100 MHz BW 


ALA 1.5 ь4 ы тшшш 








Output 
Currently Average 
SNR_Rx1 17.1242 17.2808 dB 
SNR_Rx2 22 5864 225719 dB 
SNR_Rx3 21.7461 21.7341 dB 
SNR_Rx4 19.4856 19.4303 dB 
SNR Rx5 18.6049 18.6923 dB 
SNR Rx6 20.4249 204133 dB 
SNR Rx7 21.8196 21.8427 dB 
Input SNR Rx8 23.0863 23.1694 dB 
SNR Rx9 18.8628 18.9324 dB 
Ch. Est. Type: slow м Detector igp ~v [7] Turbo 
ЕЛ Capacity theory SNR, Rx10 18.0888 18.0641 dB 
QAM: 16 ~ Alpha: / 91 | (0-1) 
[7] antenna asign SNR Rx11 20.354 20.3662 dB 
Window: 50 (10-20) Trials : 500 Г14х4 тоде SNR_Rx12 20.031 20.0612 48 
Capacity theory 53.6889 53.7487  (bits/s/Hz) 
Rx: antenna1  [7]antenna2  []antenna3 [Г] апіеппа4 
= Capacity theoryRx 53.6736 53.7333  (bits/s/Hz) 
М атеппав К апіеппаб [МА апйїеппа7 [ИМ апіеппа8 ско 
EN Capacity 33.8949 33.9789  (bits/s/Hz) 
[]antenna9 Г|атеппа10 |М атеппа11 |М аптеппа12 ч 
Capacity_Rxasign 27.8015 27.8939  (bits/s/Hz) 
Bit error rate 
Currently Average Currently Average Currently Average 
Throughput 1918.43 1921.21 (Mbits/s) Un-coded BER 0.030798 0.029394 BER 0 1.8202e-14 
Asign Throughput 1773.23 1783.3 (Mbits/s) Asign_Un-coded BER = 0.10415 0.099064 Asign_BER 0.0236 0.018288 








5.1 Gbps Throughput, 16x12 MIMO, 100-MHz BW (1) 


MIMO Scenario: 


Room size 10 x 10 m2, input power fixed at 20 dBm, BS: 12-port patch 
antenna with 3-dB beamwidth about 60° (+30°), UE: 16 MIMO antennas 
at 3.5-GHz band (3400~3600 MHz), BS and UE spaced 2.5 meters and 
centered inside the room 





5.1 Gbps Throughput, 16x12 MIMO, 100-MHz BW (2) 


f= 3500 MHz (BW = 100 MHz), 16 x 12 MIMO, 256-QAM, 





P = 20 dBm, d = 2.5m (2017.08.05) 


Receive Antennas 
(Anti-.Ant16) 
28.1 dB 28.3 dB 29.0 dB 28.4 dB 





28.4 dB 28.7 dB 27.1 dB 28.3 dB 
28.5 dB 25.0 dB 28.4 dB 28.1 dB 
Transmit Antennas 
(12 MIMO streams) Average SNR - 28.1 dB 
Channel Capacity (16 Rx, 12 Tx) 
Calculated 107.4 bps/Hz 


Throughput - 5123 Mbps 
Un-coded BER - 0.077 
Spectral efficiency = 51.2 bps/Hz 


28.9 dB 27.4 dB 27.3 dB 27.4 dB 
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5.1 Gbps Throughput, 16x12 MIMO, 100-MHz BW (3) 


f= 3500 MHz (BW = 100 MHz), 16 x 12 MIMO, 64-QAM, 


P = 20 dBm, d = 2.5m 


Receive Antennas 
(Anti~Anti6) 





017.08.0 


26.9 dB 27.5 dB 28.6 dB 27.3 dB 


25.6 dB 24.2 dB 25.8 dB 
24.5 dB 26.2 dB 23.9 dB 23.6 dB 
24.1 dB 23.5 dB 25.4 dB 25.4 dB 

Transmit Antennas 

(12 MIMO streams) Average SNR = 25.9 dB 

Channel Capacity (16 Rx, 12 Tx) 
Calculated 98.4 bps/Hz 


Throughput = 4115 Mbps 
Un-coded BER = 0.012 
Spectral efficiency = 41.1 bps/Hz 


om 
л 
e 





8 х 8 Dual-Band MIMO for 3.5/5.8-GHz bands (1) 


Power = 20 dBm, distance = 2.5 m, BW = 100 MHz 


8 x 8 MIMO 


Scenarios 





cking 


Frequency | азоомны | засомны | ззоомны | зэоомнь 
64 QAM 64 QAM 64 QAM 64/16 QAM 


24.8 dB 20.6 dB 21.2 «В 12.8 «В 
(20.8~26.6 dB) | (16.4-23.2 dB) | (17.4~24.1 dB) (9.8~14.1 dB) 
Calculated 
55.33 bps/Hz 44.18 bps/Hz 45.87 bps/Hz 27.25 bps/Hz 


Mieasured 
48.08 bps/Hz 37.38 bps/Hz 41.21 bps/Hz 25.26 bps/Hz 
| BER | оола | 007 | 005 | 014/002 
2926 Mbps 2761 Mbps 2814 Mbps 2556/1940 Mbps 


Spectral 29.26 bps/Hz 27.61 bps/Hz 28.14 bps/Hz 19.40 bps/Hz 
Efficiency (64 QAM) (64 QAM) (64 QAM) (16 QAM) 
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8 х 8 Dual-Band MIMO for 3.5/5.8-GHz bands (2) 


8x8 MIMO 
Scenarios 





Free space User’s hand covers all 8 antennas 


сом: І зиомы |. ыюомн 
64 ОАМ 64 ОАМ 64/16 ОАМ 64/16 QAM 


24.8 dB 20.6 dB 17.1 dB 11.5 dB 
(20.8~26.6 dB) | (16.4~23.2 dB) (12.1~20.4 dB) (5.8~14.7 dB) 


Capacity (0.87 x 55.33) (0.85 x 44.18) (0.82 x 34.96) (0.86 x 23.45) 
2926 Mbps 2395/1815 Mbps 


Spectral 29.26 bps/Hz 27.61 bps/Hz 19.46 bps/Hz 18.15 bps/Hz 
Efficiency (64 QAM) (64 QAM) (16 QAM) (16 QAM) 
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MIMO Capacity Study (1) 


Case 1: 


In the following indoor MIMO scenarios, which one has the higher MIMO 
capacity and which one has the better MIMO channel performance (close 
to Rayleigh fading or rich multipath)? 


Note: room size 10 x 10 m2, 12 x 8 MIMO, input power fixed, BS: planar 
patch antenna with 3-dB beamwidth about 60° (+30°), UE: 12 MIMO 
antennas at 3.5-GHz band, BS and UE spaced 2.5 meter and centered 
inside the room 
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Case 1: reference data with input power fixed, 12 x 8 





MIMO, UE (receiver side) fixed, BS (transmitter) rotated 


MIMO Capacity Study (1.1) 





= Atọ = 0°, the SNR is maximum and the measured capacity is maximum. 


At other angles (¢ = 45°~180"), the MIMO channel effectiveness 15 
around 90%, larger than that (about 85%) at » = 0°. This indicates 
that the multipath is richer and closer to Rayleigh fading when the 
main beam of the transmitter is oriented to reflecting walls. 


The difference (about 10.4 bps/Hz) in calculated capacity at ф = 0° апа 
0 — 45" is mainly attributed to the SNR decrease (about 4 dB). 


| Jo=20 |] | f = 3500 MHz (BW = 100 MHz), 12 x 8 MIMO 


27.83 dB 23.77 dB 19.88 dB 18.25 dB 18.18 dB 
(24.8~29.6) | (20.2~25.1) | (15.6~21.5) | (14.2~20.1) | (13.2~20.0) 


Calculated 72.99 62.58 52.29 48.04 47.64 
Capacity (P) bps/Hz bps/Hz bps/Hz bps/Hz bps/Hz 
Measured 62.32 56.38 47.16 44.14 44.11 
Capacity (Q) bps/Hz bps/Hz bps/Hz bps/Hz bps/Hz 





Q/P, MIMO 
channel 85.4% 90.1% 90.2% 91.9% 92.6% 
effectiveness 
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MIMO Capacity Study (1.2) 


10-01 | f = 3500 MHz (BW = 100 MHz), 12 x 8 MIMO 


| ф et so | e | 9 
30.18 dB 27.33 dB 24.03 dB 20.95 dB 
(24.7~33.4) | (24.0~30.5) | (20.5~26.0) | (18.9~22.9) 
Calculated 80.38 72.69 63.78 55.49 
Capacity (P) bps/Hz bps/Hz bps/Hz bps/Hz 


Measured 63.20 57.72 53.64 49.73 
Capacity (Q) bps/Hz bps/Hz bps/Hz bps/Hz 
Q/P, MIMO 

channel 78.6% 79.4% 84.1% 89.6% 
effectiveness 


е 61s the inclination angle of the BS antenna to the UE antenna. 





= Atọ = 0°, the SNR and capacity are maximum. 


= Ato = 90°, the MIMO channel effectiveness is around 90%, much 
larger than that (78.6%) at o = 0°. Again, the multipath Is richer 
and closer to Rayleigh fading when the main beam of the 
transmitter is oriented to reflecting walls. 


= The difference (16.6 bps/Hz) in calculated capacity at ф = 0" and 
ф = 60' is mainly attributed to the SNR decrease (about 6 dB). 
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MIMO Capacity Study (2) 


Case_ 2: 


What are the user's body blocking effects on the MIMO capacity? 


Note: room size 10 x 10 m2, 12 x 8 MIMO, input power fixed, BS: planar 
patch antenna with 3-dB beamwidth about 60° (+30°), UE: 12 MIMO 
antennas at 3.5-GHz band, BS and UE spaced 2.5 meter and centered 
inside the room 





MIMO Capacity Study (2.1) 


Case_2: reference data with input power fixed, 12 x 8 MIMO, BS 





= Ato = 0°, body blocking greatly decreases the SNR at the receiver, 
thereby decreasing the power gain and the MIMO capacity. However, 
the MIMO channel effectiveness is better. 


н Аф = 30°, the SNR decrease due to the body blocking is relatively 
small. In this case, the measured MIMO capacity Is maximum as 
compared to other angles. 


= In general, the body blocking does not affect the 12 x 8 MIMO 
channel effectiveness. 


[ f = 3500 MHz (BW = 100 MHz), 12 x 8 MIMO 
re 


SNR 22.73 dB 26.28 dB 23.55 dB 21.95 dB 
(with blocking) (19.40~25.9) (22.7~30.2) (19.4~26.2) (20.0~24.0) 
SNR 30.18 dB 27.33 dB 24.03 dB 20.95 dB 
(w/o blocking) (24.7~33.4) (24.0~30.5) (20.5~26.0) (18.9~22.9) 
Calculated 
60.42 bps/H 71.60 bps/H 62.60 bps/H 58.19 bps/H 
Capacity (P) 
Done 52.80 bps/H 57.90 bps/H 53.39 bps/H 52.34 bps/H 
Capacity (Q) Ё ps/Hz : ps/Hz . ps/Hz с ps/Hz 


Q/P, MIMO 
channel 87.4% 80.9% 85.3% 89.9% 
effectiveness 
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MIMO Capacity Questions (2.2) 


Question_2: Reference data, input power fixed, 12 x 8 MIMO, BS 
antenna’s main beam pointed to UE with 0 - 0°, a metal table (1.8 тіп 
height, 0.6 m in width) used for blocking between BS and UE 


тыш f = 3500 MHz (BW = 100 MHz), 12 x 8 MIMO 
Blocking | — m- | User's body Metal table Г эш | User’s body Metal table 
30.18 dB 22.73 dB 21.06 dB 20.95 dB 21.95 dB 21.11 dB 
(24.7~33.4) | (19.4~25.9) | (19.3~22.8) | (18.9-22.9) | (20.0~24.0) | (15.1~24.0) 
Calculat 
alculated | 30.38 bps/Hz | 60.42 bps/Hz | 55.42 bps/Hz | 55.49 bps/Hz | 58.19 bps/Hz | 55.33 bps/Hz 
Capacity (P) 
M d 
базигей | 63.20 bps/Hz | 52.80 bps/Hz | 50.26 bps/Hz | 49.73 bps/Hz | 52.34 bps/Hz | 49.15 bps/Hz 
Capacity (Q) 


Q/P, MIMO 
channel 78.6% 87.4% 90.7% 89.6% 89.9% 88.8% 
effectiveness 
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